Three-dimensional finite element analysis of the pediatric lumbar spine. Part I: pathomechanism of apophyseal bony ring fracture
Abstract The purpose of this study was to (1) develop a three-dimensional, nonlinear pediatric lumbar spine finite element model (FEM), and (2) identify the mechanical reasons for the posterior apophyseal bony ring fracture in the pediatric patients. The pediatric spine FE model was created from an experimentally validated three-dimensional adult lumbar spine FEM. The size of the FEM was reduced to 96% taking into account of the ratio of the sitting height of an average 14-years-old children to that of an adult. The pediatric spine was created with anatomically specific features like the growth plate and the apophyseal bony ring. For the stress analyses, a 10-N m moment was applied in all the six directions of motion for the lumbar spine. A preload of 351 N was applied which corresponds to the mean body weight of the 14-years-old group. The stresses at the apophyseal bony ring, growth plate and endplate were calculated. The results indicate that the structures surrounding the growth plate including apophyseal bony ring and osseous endplate were highly stressed, as compared to other structures. Furthermore, posterior structures in extension were in compression whereas in flexion they were in tension, with magnitude of stresses higher in extension than in flexion. Over time, the higher compression stresses along with tension stresses in flexion may contribute to the apophyseal ring fracture (fatigue phenomena). and baboon spines [8] to investigate the biomechanics of pediatric spondylolysis. One may develop mathematical models to address the issue. Such an investigation was undertaken using the finite element model (FEM) of a baboon spinal motion segment [8] . However, one needs to undertake studies on pediatric population and the only practical approach would be the analytical approach. It is not practical to develop even the FEM of a pediatric spine since this will involve acquiring thin slices (say at 1-mm interval) of CT scans. For these reasons, there are no pediatric finite element lumbar spine models reported in the literature, although a large number of similar models for the adult spinal segments are available [2-4, 7, 8, 12] .
The purpose of this study was to (1) develop a threedimensional, nonlinear pediatric lumbar spine FEM, and (2) understand the biomechanical causes for the posterior apophyseal bony ring fracture in the pediatric patients. In the part II of this study, the causes for spondylolytic slippage at the growth plate in pediatric spine are discussed, based on the stress analyses predictions from the pediatric FE model.
Methods
An adult three-dimensional L3-L5 spinal segment FEM presently available to the authors was used for the present study (Fig. 1 ). The adult model is experimentally validated, and has been widely used to address clinically relevant issues [2-4, 7, 8, 12] . Since it is very difficult to get precise CT scans from the pediatric patients, we modified the adult model to correspond to the pediatric spine.
The pediatric immature spine can be in two stages depending on if the apophyseal ring is cartilaginous or ossified [11] . In this study, our focus is on the etiology of the apophyseal bony ring fracture; hence we considered the apophyseal ring to be ossified. The apophyseal ring ossification occurs around the age of 10-15. Taking the ratio of mean sitting height of adults and children of 14 years old, we reduced the size of the adult spine model to 96% of its original size [15] for this study. The mesh was symmetric across the mid-sagittal plane.
Intact pediatric spine model
The present intact pediatric spine model included 13,416 elements ( Table 1 ). The mesh was symmetric across the mid-sagittal plane. The vertebral bodies were defined as cancellous bone cores surrounded by 0.5 mm thick cortical shells. The pediatric spine has characteristic growth plates and apophyseal bony ring. With reference to the anatomy of the pediatric spine specified by Arlet and Fassier [1] , we changed the adult spine and added growth plates and apophyseal rings. Figure 2 shows the location of the growth plate and apophyseal ring as seen in the sagittal plane. In Fig. 3 , apophyseal bony rings (yellow lines) and growth plate (red lines). The growth plate was modeled as a layer of cartilage tissue between the vertebral body and apophyseal bony rings with cancellous bone. The sagittal section of the apophyseal bony ring is highlighted in yellow color. The cartilaginous endplate was simulated by filling cartilage tissue inside of the apophyseal bony ring.
The intervertebral disk annulus was modeled as a composite of a solid matrix with embedded fibers (via the REBAR parameter) in concentric rings around a pseudo-fluid nucleus. Seven concentric rings of ground substance each containing two evenly spaced layers of fibers (plus one ground substance ring with one layer of fibers) oriented at ±30°to the horizontal were simulated. Fiber thickness and stiffness increased in the radial direction. The posterior bone regions were assigned a single set of material properties. The facet joints were simulated with three-dimensional gap contact elements (GAPUNI).
All seven major spinal ligaments were represented and assigned nonlinear material properties. Naturally, changing ligament stiffness (initially low stiffness at low strains followed by increasing stiffness at higher strains) was simulated through the ''hypoelastic'' material designation, which allowed the definition of the axial stiffness as a function of axial strain. Three-dimensional two-node truss elements (T3D2) were used to construct the ligaments.
The material properties of the cortical bone of the vertebral body, cancellous bone, posterior bone, nucleus pulposus, annulus fibrosus, and ligaments, were same as that of the adult model [2-4, 7, 8, 12] . The material properties for the growth plate and apophyseal bony ring were adapted from the literature [8] and are shown in Table 1 . Axial compressive preload of 400 N was applied. This value simulates the load at the L3-L4 level of an average person while standing [2-4, 7, 8, 12] . The axial compression preload was reduced to 351 N in the pediatric model, (87.9% of the adult 400 N) [15] . A pure moment of 10 N m was applied along with the preload to simulate segment behavior in flexion, extension, lateral bending, and axial rotation. von Mises stresses were computed at various sites within the model. The stresses around the posterior apophyseal ring at L4-L5 segment were investigated because of high incidence of posterior apophyseal ring fracture at this level. The normal stresses, in S33 (vertical) direction were also computed. Commercially available FEM software ABAQUS CAE, version 6.0 was used for this analysis.
Results
In flexion with preload, high von Mises stresses were observed at the anterior annulus fibrosus, apophyseal ring, and osseous endplates. von Mises stresses in flexion in the mid-sagittal plane of the pediatric model are shown in Fig. 4a . Unlike to the adult model (Fig. 4b) , the apophyseal ring experienced the most stress. Figure 5a , b shows von Mises stresses in extension in the sagittal section of the pediatric and adult models, Fig. 2 Sagittal section of the pediatric FEM at L3-L4. Note the layers of growth plate and apophyseal bony ring, which are the specific structures in the pediatric spine. In this model, apophyseal ring was simulated as a bony ring respectively. The posterior region in the pediatric model had higher stresses, as compared to the adult model. The most marked differences between pediatric and adult models were found in the apophyseal ring. Figure 6 shows the stress distribution in right lateral bending. Both the right and left lateral corners were highly stressed (Fig. 6a) . Figure 6b is the coronal section of the model through the middle of vertebral body, which was cut along the line as shown in Fig. 6a . High stresses were observed in the apophyseal bony ring. In axial rotation, right anterior corner and left lateral corner were highly stressed (Fig. 7a) . Figure 7b indicates the coronal section through the anterior one-third of the vertebral body, location shown in Fig. 7a . The apophyseal bony rings experienced the highest stresses.
In Fig. 8 , normal stresses (S33) at the posterior structures around disk space in the axial direction are depicted (tension positive and compression negative). Posterior structures were loaded in compression in extension whereas in flexion they were in tension. The absolute values of stresses were always higher in extension than in flexion. Fig. 4 a Stress distributions in 10 N m flexion and a preload in pediatric, and b adult spine models. In both models, higher stresses were observed around pedicle and facet joints. In the anterior structures, the stress concentration at osseous endplate and apophyseal bony ring was observed in the pediatric model, whereas, in the adult model endplate showed stress concentration Fig. 5 a Stress distributions in extension at 10 N m with precompression loading in pediatric and b adult spine models: In both models, higher stresses are observed around pedicle and facet joints during the extension motion. In the anterior structures, the stress concentration at osseous endplate and apophyseal bony ring is observed in the pediatric model, whereas, in the adult model endplate shows stress concentration
Discussion
The biomechanical study of pediatric lumbar spines has been limited due to a lack of pediatric cadavers for experimental studies. A mathematical model can be used instead of experimental studies for this reason. For developing a mathematical model, geometry is very important. Getting the geometry of pediatric spine is difficult by CT since it involves radiation exposure to the child. Also the apophyseal ring and growth plates are not very evident on CT images. In this study, an adult lumbar spine FEM was modified to create a pediatric lumbar spine FEM with growth plates and apophyseal bony rings.
For the reason stated above, it was not practical to validate the pediatric model using a cadaveric experimental study, and thus is a potential limitation of the current study. Although our model has pediatric specific anatomical layers such as growth plate and apophyseal ring, we did not modify the other structures. For example, facet angle and disk height body ratio in the pediatric spine may differ from the adult spine. To create the exact pediatric FE model, we need precise CT images as described above. We also need to simulate variations in the material properties that may be there in pediatric versus adult population. However, such data are not available in the literature. However, we have an indirect validation of our pediatric model that provides support towards the correctness of stress predictions and locations of the stress concentrations. The computed center of rotation path was in good agreement with the radiographic study of IAR conducted by Sakamaki et al. [13] , Fig. 5 , part II of the study. The actual magnitudes are likely to be fine tuned when the model is based on actual data, material properties of various structures and is validated with experimental studies.
We previously demonstrated that growth plate was mechanically, the weakest link in AP shear [6, 10] , and axial pull [9] . In this study the growth plate, which is mechanically very weak, seems to experience higher stresses. Thus, our previous studies and the present results indicate that among the pediatric population with immature lumbar spines, growth plate region is likely to contribute the most to stress-related lumbar disorders. There are a couple of lumbar disorders, which are only seen in the pediatric spine and never occurred in the adult spines; i.e., apophyseal ring fracture [1, 5, 14] and lumbar spondylolisthesis at growth plate [6, 9, 10] . The present results clearly demonstrate that stress distribution in the pediatric spine is different from the adult spines, especially at the anterior compartment. One can assume that these anatomical and biomechanical special features in the pediatric spine can cause these pediatric spine related disorders. In part I of this study, we will discuss on the pathomechanism of the apophyseal ring fracture, and in part II, on the pediatric spondylolisthesis.
As shown in our results, the apophyseal bony ring is always highly stressed compared to the surrounding cartilaginous tissue, including growth plate and cartilaginous endplate. This high-stress concentration at the apophyseal bony ring is due to the differences in material properties of tissue in that region. When compared to the surrounding cartilaginous tissue, the apophyseal bony ring is a stiffer material, like cancellous bone. The stiffer material will exhibit higher stresses. This increase in stresses, we believe, is the primary reason for the fractures.
The apophyseal ring fracture has been considered to be the traction force-induced avulsion fracture during flexion [14] . In this study, the tensile stresses during Fig. 7 Stress distributions in right axial rotation at 10 N m with precompression loading in pediatric models. a Top view of the L4 caudal osseous endplate, b anterior view of the coronal section of the model through the anterior one-third of vertebral body as indicated in a. In a, left posterior-lateral corner is shown to be highly stressed. The stress distribution pattern in b indicates the high loading at the osseous endplate and apophyseal bony ring Fig. 8 Axial stresses at the posterior structures around the apophyseal ring (positive value traction, negative value compression). Posterior structures were loaded in compression in extension whereas in flexion they were in tension. The absolute values of stresses were always higher in extension than in flexion. (Apo Ring apophyseal bony ring) flexion around the posterior apophyseal bony ring were lesser than compression stresses (Fig. 8) . Based on the stress results, we suggest that the posterior apophyseal ring is highly stressed during extension and hence weakened mechanically. In flexion, the weakened posterior corner is avulsed with traction stress. We may further extrapolate that, the hyperextension loading during sports activities in children and adolescents may not be favorable, because it may weaken the posterior growth plate, leading to apophyseal bony ring fracture. To understand the etiology of the apophyseal bony ring fracture, biomechanical fatigue test using fresh pediatric cadaver spine is ideal.
